Little is known about the conditions contributing to the stability of DNA methylation patterns in male germ cells. Altered folate pathway enzyme activity and methyl donor supply are two clinically significant factors that can affect the methylation of DNA. 5,10-Methylenetetrahydrofolate reductase (MTHFR) is a key folate pathway enzyme involved in providing methyl groups from dietary folate for DNA methylation. Mice heterozygous for a targeted mutation in the Mthfr gene (Mthfr +/À ) are a good model for humans homozygous for the MTHFR 677C.T polymorphism, which is found in 10% of the population and is associated with decreased MTHFR activity and infertility. High-dose folic acid is administered as an empirical treatment for male infertility. Here, we examined MTHFR expression in developing male germ cells and evaluated DNA methylation patterns and effects of a range of methionine concentrations in spermatogonia from Mthfr +/À as compared to wild-type, Mthfr +/+ mice. MTHFR was expressed in prospermatogonia and spermatogonia at times of DNA methylation acquisition in the male germline; its expression was also found in early spermatocytes and Sertoli cells. DNA methylation patterns were similar at imprinted genes and intergenic sites across chromosome 9 in neonatal Mthfr +/+ and Mthfr +/À spermatogonia. Using spermatogonia from Mthfr +/+ and Mthfr +/À mice in the spermatogonial stem cell (SSC) culture system, we examined the stability of DNA methylation patterns and determined effects of low or high methionine concentrations. No differences were detected between early and late passages, suggesting that DNA methylation patterns are generally stable in culture. Twenty-fold normal concentrations of methionine resulted in an overall increase in the levels of DNA methylation across chromosome 9, suggesting that DNA methylation can be perturbed in culture. Mthfr +/À cells showed a significantly increased variance of DNA methylation at multiple loci across chromosome 9 compared to Mthfr +/+ cells when cultured with 0.25-to 2-fold normal methionine concentrations. Taken together, our results indicate that DNA methylation patterns in undifferentiated spermatogonia, including SSCs, are relatively stable in culture over time under conditions of altered methionine and MTHFR levels.
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INTRODUCTION
Patterns of DNA methylation are first acquired in the germline with the aid of DNA methyltransferase enzymes (DNMTs) and the methyl donor, S-adenosylmethionine (SAM). SAM is produced through the folate and methionine cycles from the irreversible reduction of 5,10-methylenetetrahydrofolate by the enzyme 5,10-methylenetetrahydrofolate reductase (MTHFR) (Fig. 1) to 5-methyltetrahydrofolate [1] . Improper establishment of DNA methylation patterns in male germ cells in mice can result in infertility as well as health and developmental problems in the offspring, and aberrant DNA methylation patterns may be transmitted through the germline to the next generation [2] [3] [4] [5] [6] [7] . For example, DNMT3L, a germline-specific DNMT that works in cooperation with DNMT3a, has its highest level of expression in male germ cells just before birth, during the time of DNA methylation acquisition [8] . In male mice, a homozygous targeted deletion of Dnmt3L results in DNA hypomethylation, meiotic arrest, and infertility [8, 9] . Alterations in folate pathway enzyme activities and methyl donor supply are two clinically relevant conditions that could alter DNA methylation patterns in male germ cells. In humans, a relatively common polymorphism (677C.T) in the human MTHFR gene, present in homozygous form in 10% of the population, results in a thermolabile form of the MTHFR protein that reduces its activity by 50%-60% [10] . Some studies have shown an association between MTHFR polymorphisms such as 677C.T and male infertility [11] [12] [13] [14] [15] . Whereas high doses of the methyl donor folic acid are used empirically in the treatment of male infertility, whether adverse effects on germ cell DNA methylation occur is unknown [16] .
Mouse models of MTHFR deficiency based on a targeted mutation in the Mthfr gene have been created and can be used to understand the role of this enzyme in germ cell development and fertility [17] . Strain-specific effects of MTHFR deficiency on spermatogenesis have been reported; whereas inbred BALB/c Mthfr À/À mice lose germ cells shortly after birth and are infertile, C57BL/6 Mthfr À/À mice have lower sperm counts as adults but are still fertile. DNA methylation defects, including both hypo-and hypermethylation, were found in the sperm of C57BL/6 Mthfr À/À mice [18] . Complete MTHFR deficiency results in a loss of male germ cells in the BALB/c mouse strain shortly after birth [3] ; thus, any DNA methylation defects due to the loss of MTHFR activity would not be passed through the germline. Mthfr haploinsufficiency does not cause germ cell loss but may still result in DNA methylation defects in sperm. In the current study, we examined whether lower levels of MTHFR result in altered DNA methylation in sperm and used the BALB/c strain Mthfr þ/À mouse, which is considered to be a good model for men homozygous for the 677C.T MTHFR polymorphism [17] . It is known that MTHFR activity is highest in the testes [17] , but it is not known exactly when the expression is highest and in which specific cells. If MTHFR expression is highest during the time of DNA methylation acquisition in male germ cells, it could be the cause for germ cell loss in BALB/c Mthfr À/À mice or interfere with DNA methylation acquisition in the Mthfr þ/À mice.
In primordial germ cells, DNA methylation is completely erased at imprinted genes, single-copy genes, and most intergenic regions [19] [20] [21] [22] . Following erasure, new sexspecific DNA methylation patterns are acquired. In males, this remethylation of DNA begins before birth (15.5-18.5 days postcoitum [dpc]), whereas in females, remethylation only takes place after birth. H19, Rasgrf1, and Dlk1-Gtl2 are the only imprinted genes methylated in male murine germ cells [21, [23] [24] [25] , although the H19 differentially methylated region (DMR) is not completely methylated until shortly after birth, around the time of pachytene [21, 23, 26] . Equally important to the proper DNA methylation of imprinted genes is the remethylation in prenatal male germ cells of single-copy genes, intergenic regions, repetitive elements, and satellite regions [8, 21, 22, 24, 27] . For example, for intergenic regions, the DNA methylation patterns in male germ cells are unique and differ in comparison to those of somatic cells. A study by Oakes et al. [28] using Restriction Landmark Genomic Scanning (RLGS), a genome-wide scan of methylation, compared DNA methylation in testis, liver, intestine, and brain tissues. Of all the sites that were differentially methylated between the tissues, half were specific to the testis; thus, the liver, intestine, and brain showed more similar DNA methylation patterns. Follow-up studies indicated that whereas the prenatal period is the critical time when DNA methylation is acquired in male germ cells at intergenic sites, as for imprinted genes, some increases in DNA methylation occur postnatally, as germ cells develop from spermatogonia to pachytene spermatocytes [29] .
Spermatogonial stem cells (SSCs) are the undifferentiated germ cells that emerge shortly after birth, persist throughout the entire lifetime, and are responsible for renewal of the stem cell pool as well as for provision of cells that go on to differentiate into spermatozoa [30] . SSCs can be cultured and amplified together with committed progenitor spermatogonia (referred to here as the SSC culture system) for an extended time using a serum-free culture medium, generating large numbers of stem/ progenitor spermatogonia for DNA methylation analysis [31] . One study found that DNA methylation at several imprinted genes did not change even after 2 yr in culture [32] . Our previous RLGS study [33] suggested that stability of DNA methylation in the SSC culture system extends to other sites in the genome as well. Nonetheless, it is possible that MTHFR deficiency could affect the stability of DNA methylation patterns in culture, which may have clinical relevance when SSCs are used for male fertility preservation [33] . The SSC culture system can also be used to test whether high levels of methyl donors can adversely affect DNA methylation levels in early male germ cells. In culture of ovarian follicles, low levels of methionine added in culture media have been shown not to affect DNA methylation at imprinted genes [34] ; however, the combination of low methionine concentration with MTHFR deficiency may produce an additive effect in the SSC culture system.
The aims of the current study were 1) to examine the expression of MTHFR in developing male germ cells; 2) to study whether deficiency of MTHFR is associated with a DNA methylation defect, either at imprinted genes or at intergenic regions, in the early germ cells of neonatal mice (spermatogonia) at the time when most DNA methylation acquisition should have already occurred; 3) to establish the SSC culture from Mthfr þ/þ and Mthfr þ/À mice and determine whether genotype affects DNA methylation patterns within culture; and 4) to examine the effects of varying concentrations of methionine on DNA methylation in Mthfr þ/À as compared to Mthfr þ/þ stem/progenitor spermatogonia in vitro. GARNER ET AL.
MATERIALS AND METHODS

Mice
CD-1, C57BL/6, and BALB/c mice for histology studies were from Charles River Canada, Inc. Mthfr þ/À mice [3] were back-crossed for more than 10 generations into C57BL/6 or BALB/c strains from Charles River Canada, Inc. GOF/deltaPE-Oct4/GFP transgenic mice [35] were back-crossed onto a BALB/c background for at least 10 generations with mice purchased from Charles River Canada, Inc. Mthfr þ/À mice [3] of BALB/c background were then crossed with BALB/c GOF/deltaPE-Oct4/GFP mice to obtain mice from Mthfr þ/þ and Mthfr þ/À genotypes that express GFP only in germ cells until approximately 8 days after birth (termed Mthfr þ/þ , GFPþ and Mthfr þ/À , GFPþ, respectively). These Mthfr þ/þ , GFPþ and Mthfr
, GFPþ mice were used for fluorescence-activated cell sorting (FACS). BALB/c Mthfr þ/þ and Mthfr þ/À mice were used as donors for the SSC culture system. Noon of the day on which the vaginal plug was identified was considered to be Embryonic Day 0.5, and the day of birth was designated Postpartum Day 0. All procedures were carried out in accordance with the Canadian Council on Animal Care and approved by the McGill University Animal Care Ethics Committee.
MTHFR Staining
Sections of embryonic and neonatal testes were obtained as described elsewhere [36] . MTHFR immunohistochemistry was carried out in CD-1, BALB/c, and C57BL/6 mice. Both BALB/c and C57BL/6 mice were included to ensure that staining was similar in both strains. Because BALB/c Mthfr À/À mouse testes do not contain advanced germ cells, we used the C57BL/6 testes in which all germ cells are present to test the specificity of the MTHFR antibody and allow us to determine which germ cell types stained positively in the seminiferous epithelium. In brief, CD-1, BALB/c, or C57BL/6 fetuses at 13, 15, and 18 dpc and Postnatal Day 0 were either fixed by perfusion through the heart with 50% Sainte-Marie fixative or had their testes removed and fixed by immersion in Bouin solution. After overnight fixation, testes were dehydrated through an ethanol series and xylene, embedded in paraffin, sectioned (section thickness, 5 lm), and mounted onto slides. A polyclonal antibody raised against 32 000-fold purified porcine liver MTHFR [37] was used to localize the enzyme, and immunocomplexes were visualized using a commercial kit (EnVisionþSystem-HRP; DakoCytomation). Modifications to the manufacturer's protocol designed to optimize the results were as follows: After rehydration of the sections, endogenous peroxidase activity was blocked according to the manufacturer's instructions, and the slides were exposed to the primary MTHFR antibody at 378C for 1 h at a concentration of 1:200. The sections were then washed thoroughly, incubated for 30 min with secondary antibody conjugated with horseradish peroxidase, and the resulting immunocomplexes visualized with 3,3 0 -diaminobenzidine. Slides were immersed for approximately 1 min in 0.1% methylene blue as a counterstain, and images were taken at various magnifications with a light microscope. At least four sections from at least two animals were used at each time point to ensure replicability.
For histology studies in adult mice, CD-1, BALB/c, and C57BL/6 wildtype and C57BL/6 Mthfr À/À testes from 8-to 10-wk-old mice were excised, fixed by immersion in Bouin solution, and dehydrated in ethanol. These testes were then embedded in paraffin, sectioned (section thickness, 5 lm), mounted onto slides, and examined for MTHFR using immunohistochemistry in the same manner as described for the embryonic sections, except that an additional 5-min step in a 70% ethanol bath saturated with lithium carbonate (;2 g of LiCO 3 in 200 ml of 70% ethanol) was added partway through the rehydration to neutralize the picric acid in the fixative.
Isolation of Male Germ Cells by Flow Cytometry
The BALB/c Mthfr þ/À , GFPþ males and females were mated, and the GFPþ paired testes from the male offspring (Mthfr þ/þ and Mthfr þ/À ) were removed between 2 and 3 days postpartum (dpp). After removal, paired testes were decapsulated, then digested in a solution of collagenase I (1 lg/testis) and collagenase IV (1 lg/testis) for 10 min at 378C, dispersed, and then digested for another 10 min before being centrifuged at 500 3 g for 5 min at 48C. Testes were then further digested in 0.25% trypsin-ethylenediaminetetra-acetic acid (trypsin-EDTA; 25200; Invitrogen) for 10 min, dispersed, and digested for another 10 min, followed by centrifugation at 500 3 g for 5 min at 48C. The cell suspension was then washed twice and resuspended in sterile PBS (14190; Invitrogen) with 5 lg/ll of DNase. Flow cytometric analyses and FACS were done using FACScan and FACSAria, respectively (Becton Dickinson).
SSC Culture System
Immunomagnetic cell sorting. Paired testes from 5-day-old male pups that were Mthfr þ/þ or Mthfr þ/À were prepared into a single-cell suspension through a two-step enzymatic digestion as previously described [38, 39] . After filtering the cell suspension through a 40-lm cell strainer membrane, the Thy-1.2-positive (Thy1þ) cell population was prepared using single-parameter immunomagnetic sorting [40] . Briefly, after resuspension in Dulbecco modified Eagle medium (DMEM; 11965; Invitrogen) plus 1% fetal bovine serum (FBS; SH3039603; Fisher), cells were reacted with 5 lg/ml of biotinylated rat antimouse CD90.2 (Thy1; 553928; BD Biosciences) on ice for 30 min with gentle agitation, with gentle dispersion at 10 and 20 min. Thy-1.2 is the single marker that gives a high efficiency of SSC enrichment (5-to 30-fold) as determined by testicular transplantation assays [31] . This was followed by a second incubation with 5 lg/ml of Dynabeads M-280 Streptavidin (112.05D; Invitrogen) after being washed with PBS and then resuspended in DMEM plus 1% FBS. Thy1þ cells were isolated using a magnetic cell sorter (DynaIMPC1 Magnet; 120.01; Invitrogen) for 1 min and served as the cell source to initiate the SSC cultures.
Cell culture. The recovered Thy1þ cells were seeded onto a feeder layer of mitotically inactivated STO embryonic fibroblasts [41] at a concentration of 5 3 10 4 cells/cm 2 in the culture medium described below. In the SSC culture system, Thy1þ cells form a three-dimensional structure of undifferentiated spermatogonia [42, 43] . These structures are referred to here as SSC clusters or cluster cells [43] . These cells were maintained in cell culture on the feeder layer of cells described above. The STO cells were first inactivated for mitosis using mitomycin C (M4287; Sigma), then replated into a 24-well tissue culture plate at a concentration of 1.1 3 10 5 cells/cm 2 up to 1 wk in advance of use as described by Kubota et al. [44] . The SSC cultures were initiated in Minimum Essential Medium a (MEMa; 12561; Invitrogen) supplemented with 0.2% bovine serum albumin (A3803; Sigma) and other supplements as described previously [45] and with the following growth factors: 40 ng/ml of recombinant human glial cell line-derived neurotrophic factor (GDNF; 212-GD; R&D Systems), 300 ng/ml of recombinant rat GDNF family receptor alpha 1 (GFRA1; 560-GR; R&D Systems), and 1 ng/ml of basic fibroblast growth factor (FGF2; 13256; Invitrogen) [45] . This medium was changed every 3-4 days, and after four passages, the concentrations of the GDNF, GFRA1, and FGF2 were reduced as described by Yeh et al. [46] . Every 6-7 days, the cells were subcultured by digesting with 0.25% trypsin-EDTA and then resuspended in cell culture medium at dilution ranging from 1:1 to 1:3. Cultures were maintained at 378C in a humidified atmosphere of 5% CO 2 . To check for stability of DNA methylation during culture, the cluster cells were collected at passages 8-9 and 14-15 by very gentle mechanical flushing of the clusters off the feeder cell layer (to avoid contamination of the clusters by STO cells); otherwise, the clusters were maintained in culture for methionine treatments. SSC clusters were assessed to be greater than 90% pure as previously described [33] .
Methionine treatments. After 12-15 passages, clusters were either maintained in regular MEMa-based cell culture medium or cultured in a modified DMEM containing 9.1 lM folic acid but no methionine, glutamine, sodium pyruvate, or cystine (21013; Invitrogen). Glutamine, sodium pyruvate, cystine, and other supplements were added as described previously [42] to match the same concentrations of these supplements in the regular MEMabased cell culture medium to make these two media equivalent. The regular MEMa culture medium contains 2.3 lM folic acid (;25% of that found in the DMEM). Methionine was added back at different concentrations to make six different treatment groups: 25 lM (lowest possible concentration, because clusters did not survive without any methionine), 50 lM, 100 lM (control, because the regular MEMa-based medium for the SSC culture system has 100 lM methionine), 200 lM, 1000 lM, and 2000 lM (equivalent to treatments of 0.25-, 0.5-, 1-, 2-, 10-, and 20-fold the normal concentration, respectively). Treatment lasted for 12 days, and during this time, the clusters experienced four medium changes (one on Day 0 of treatment after passaging, one on Day 3, one on the second passage at Day 7, and one on Day 10). The cells were then recovered by very gentle mechanical flushing off the feeder layer for DNA methylation analyses.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from Mthfr þ/þ and Mthfr þ/À clusters collected at passages 8-9 and 14-15 as well as mitotically active STO cells using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) following the manufacturer's instructions. Total RNA was reverse transcribed using Moloney Murine Leukemia Virus reverse transcriptase with both random hexamers and oligodTs as primers. Quantitative real-time RT-PCR (qRT-PCR) was performed using the QuantiTect SYBR Green PCR kit (Qiagen) according to the manufacturer's suggestions for use with the Mx3000P PCR machine (Stratagene). Mthfr transcripts were assayed according to the following
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conditions: 40 cycles of 948C for 15 sec, 618C for 30 sec, and 728C for 30 sec. The primers used were designed to span the exon between intron 9 and 10 (forward, 5 0 -CCATC CTCAGACCCTGTTGT-3 0 ; reverse, 5 0 -CGTCCACGATGTGGTAGTTG-3 0 ) and were evaluated using the standard curve method as described previously [47, 48] . Reactions were done in triplicate using three individual sets of SSCs for each genotype and passage number. Measurements for each condition were normalized to 18S and are presented relative to the measurement in Mthfr þ/þ clusters collected at passages 8-9.
MTHFR Protein Measurement Using Western Blot Analysis
Protein was extracted from Mthfr þ/þ and Mthfr þ/À clusters collected at passages 8-9 and 14-15 as well as mitotically inactive STO feeder cells using the All-Prep DNA/RNA/Protein Mini Kit following the manufacturer's instructions. Protein extracts were precipitated by standard acetone precipitation and resuspended in 5% SDS. Protein extracts (30 lg) of each sample were lysed in 23 SDS loading buffer containing 6% b-mercaptoethanol at 958C for 5 min. Proteins were resolved on 8% SDS-PAGE gels and transferred onto nitrocellulose membranes (Osmonics) using a wet-transfer apparatus (Bio-Rad). Blotted membranes were blocked in TBST (25 mM Tris-HCl [pH 7.6], 125 mM NaCl, and 0.1% Tween-20) containing 3% ECL Advance Blocking Agent (Amersham Biosciences) for 1 h at room temperature. Membranes were then incubated simultaneously with an MTHFR [10] and b-actin antibody dilution with 3% ECL Advance Blocking Agent in TBST overnight at 48C. The membranes were washed four times for 5 min each time in TBST, then incubated with peroxidase-conjugated antibodies (Molecular Probes) diluted in TBST-3% ECL Advance Blocking Agent for 60 min. Finally, membranes were washed four times for 5 min each time in TBST followed by a single 15-min wash in Tris-buffered saline before the chemiluminescent signal was revealed using ECL Advance Reagent (Amersham).
DNA Methylation Analysis
Restriction landmark genomic scanning. After flush recovery of the Mthfr þ/þ and Mthfr þ/À clusters collected at passages 8-9 and 14-15, the highmolecular-weight genomic DNA was extracted using proteinase K digestion followed by phenol:chloroform extraction as previously described [28, 49, 50] . RLGS was also performed as previously described [50] . Briefly, any existing breaks in the DNA were blocked using Sequenase (E70775Z, GE Healthcare Life Sciences), and DNA was then digested with the methylation-sensitive enzyme NotI. The cut ends were radiolabeled and further digested with EcoRV followed by Hinf1 to create two-dimensional gel profiles, where each spot on the profiles represents a radiolabeled NotI cut site. Gels were exposed to a Phosphorimager Screen (Kodak), analyzed using the ImageQuant v5.1 software (GE Healthcare), and then put on films. Changes in spot intensity compared to control profiles upon visual examination of the films are recognized as changes in DNA methylation at the NotI sites. Genomic locations of numerous spots have already been identified [29, 48] .
Quantitative analysis of methylation using PCR. Analysis of the DNA methylation of germ cells isolated from Mthfr þ/þ , GFPþ and Mthfr þ/À , GFPþ male pups at 2-3 dpp and clusters collected after methionine treatments in culture was performed as previously described [51] . The quantitative analysis of methylation using PCR (qAMP) method involves digesting DNA with methylation-sensitive and methylation-dependent restriction enzymes, where DNA is only cut at the appropriate cut sites that are either methylated or unmethylated (depending on the type of enzyme). The DNA was extracted and was control (sham; no restriction enzyme added) or enzyme-digested with HhaI (methylation-sensitive enzyme) or McrBC (a methylation-dependent enzyme). Primers specific to 24 intergenic regions at regular intervals along chromosome 9 [22] as well as the DMRs of the paternally methylated imprinted genes H19, Rasgrf1, and Dlk1-Gtl2 [52] and the maternally methylated imprinted gene Snrpn [51] have been previously described. Briefly, primers were designed around HhaI and McrBC sites that were randomly chosen at approximately 5-Mb intervals. Chosen sites were within nonrepetitive sequences and greater than 10 kb from a cytosine-guanine dinucleotide (CpG) island or the transcriptional start site of a known gene. Real-time PCR using either the QuantiTect SYBR Green PCR kit (204145; Qiagen) or the Roche LightCycler 480 SYBR Green I Master Kit (0488-7352-001; Roche) was performed on the digested templates according to the manufacturer's suggestions for use with either the MX3000P qPCR machine (if using the QuantiTect SYBR Green; Stratagene/Agilent Technologies) or the Roche LightCycler 480 Real-Time PCR System (if using the Roche SYBR Green I Master Kit; Roche Applied Science). The templates were amplified, and using the change in the cycle threshold value of the digested templates in comparison to the sham cycle threshold value, an approximate but accurate percentage (range, 65%) of DNA methylation at each sequence was determined [51, 53] . Results are expressed as an average of the percentage DNA methylation obtained from each enzymatic digestion unless otherwise noted. To measure the overall increase in DNA methylation with 10-and 20-fold methionine supplementation, sites with average levels of DNA methylation less than 60% were excluded from the analysis (sites at 50.2, 95.6, 100.4, and 120 Mb). Snrpn is a maternally methylated imprinted gene, so very low levels of methylation, as is expected in male germ cells, infers no somatic contamination of the recovered cells from the STO feeders in culture [25] .
Pyrosequencing. Both Mthfr
, GFPþ 2-to 3-dpp spermatogonia were used for DNA methylation analysis by pyrosequencing at the imprinted genes H19 and Snrpn as well as the chromosome 9 site at 50.2 Mb. Pyrosequencing was performed as previously described [54, 55] . Briefly, DNA was extracted, and 40 ng of DNA was bisulfite converted using the EpiTect Bisulfite Kit (Qiagen). DNA was then PCR amplified using the HotStar Taq Master Mix Kit (Qiagen) according to the manufacturer's instructions in a 50-ll reaction and with previously published primers for Snrpn [56] and H19 primers designed by the same lab with the following sequences: forward, 5 0 -TTTGGTGTTTTGATTTGTGGATGTTGA-3 0 ; biotinylated reverse, 5
0 -ATCTCCCTATCCTACTAAAATACTACTAT-3 0 (same PCR conditions as the Snrpn primers). Primers were also designed for the site at 50.2 Mb on chromosome 9 with the following sequences: forward, 5 0 -GGGTTTTTAGGTTAATATGGAAGAG-3 0 ; biotinylated reverse, 5 0 -ACAA TAACAATATATACAACCACAAAT-3 0 . PCR-amplified sequences were then sequenced using the PyroMark Q24 Kit (Qiagen) and the PyroMark Q24 Vacuum Workstation (Qiagen) using the manufacturer's protocol in an 80-ll reaction and the previously published Snrpn sequencing primer [56] ; the H19 sequencing primer designed by the same lab, 5
0 -TTTTAATAGAAGT-TAAGAGTAATG-3 0 (under the same conditions as the Snrpn primer); or the 50.2 Mb sequencing primer, 5
0 -GGTTAATATGGAAGAGTTTTTT-3 0 .
Statistical Analysis
Data were analyzed using the GraphPad Prism 5 computer program (GraphPad Software). The DNA methylation data obtained using qAMP and pyrosequencing were analyzed using the Mann-Whitney rank sum test and are presented as the mean 6 SEM. The average variance shown in Figure 7 was measured by finding the variance of all the average DNA methylation levels for each treatment at each site along chromosome 9. Significance was measured by finding the average of all these variance values for each set of experiments. To measure the increase in DNA methylation for the 10-and 20-fold treatment groups across chromosome 9, sites with average levels of DNA methylation less than 60% were excluded from the analysis. Significance was measured by finding the average of the DNA methylation levels for all remaining sites for each treatment group of each experimental set. The increase in DNA methylation for the 10-and 20-fold treatment groups at imprinted genes was analyzed similarly. In all cases, P 0.05 was considered to be significant.
RESULTS
MTHFR Expression in Germ Cells of Prenatal and Postnatal Testes
Whereas MTHFR enzyme activity is higher in the testes than in any other adult tissue examined, its cellular localization and timing of expression during development are unknown [17] . If MTHFR is involved in DNA methylation in male germ cells, it would be expected to be present in the testes during the times when DNA methylation is acquired in both the prenatal and postnatal testis.
In the male embryonic gonad, MTHFR immunostaining was undetectable at 13 dpc ( Fig. 2A) . MTHFR immunostaining became detectable in the cytoplasm of prospermatogonia at 15 dpc and continued to be present until 18 dpc with a diffuse reaction between the prospermatogonia, representative of Sertoli cells; some interstitial cells also stained positively for MTHFR (Fig. 2, B and C) . We also examined MTHFR expression and localization in postnatal testes at 0 dpp. MTHFR was detected at 0 dpp in many prospermatogonia at a time when a reaction was also noted in Sertoli cells (Fig. 2D) . MTHFR staining in the prenatal and early postnatal period was similar in CD-1, BALB/c, and C57BL/6 mice (compare Fig. 2 , D and E; data not shown). Thus, MTHFR is expressed at the key time of DNA methylation acquisition in the prenatal male GARNER ET AL.
germline-namely, prospermatogonia at Embryonic Days 15-18 and then again at Postnatal Day 0.
We next examined MTHFR in adult testes. Results were similar for the different strains and are shown for C57BL/6 mice in Figure 3 . MTHFR staining was found in Sertoli cells but was undetectable in interstitial cells (Fig. 3, A and B) . MTHFR was also detected in type A spermatogonia and preleptotene spermatocytes. MTHFR was undetectable or present at very low levels in leptotene and zygotene spermatocytes (Fig. 3C) . A positive reaction was also seen in pachytene spermatocytes and early and late spermatids. As a control for the specificity of the MTHFR antibody, MTHFR expression was not detected in Mthfr À/À testes (Fig. 3D) .
Effects of MTHFR Deficiency on DNA Methylation in Neonatal Germ Cells
It is known that MTHFR plays a major role in shuttling folate into the methionine cycle. A reduction in MTHFR activity may therefore slow down this process, reducing the methionine levels (and therefore SAM levels) in male germ cells. Complete MTHFR deficiency causes a loss of male germ cells in the BALB/c mouse strain shortly after birth [3] , so any DNA methylation defects due to the reduction in MTHFR activity would not be passed through the germline. MTHFR haploinsufficiency does not cause germ cell loss, but it may still result in DNA methylation defects. Here, we examined methylation of imprinted and intergenic loci, sequences that have been shown to be affected in mouse and human models of infertility [1, 8] .
Neonatal GFPþ germ cells from Mthfr þ/þ and Mthfr þ/À mice were collected using FACS at 2-3 dpp. DNA methylation was analyzed by pyrosequencing at the DMRs of the paternally methylated imprinted gene H19 and the maternally methylated imprinted gene Snrpn. Twenty-four intergenic sites separated by 5 Mb along chromosome 9 were also analyzed by qAMP.
The DNA methylation at H19 in Mthfr þ/þ spermatogonia was 93.5% 6 2.8%, close to the 100% level expected for an imprinted gene that is normally methylated in male germ cells. DNA methylation in Mthfr þ/À spermatogonia was 89.5% 6 2.1%, a value not significantly different from the Mthfr þ/þ DNA methylation levels (Fig. 4A) . DNA methylation at Snrpn in Mthfr þ/þ spermatogonia was 4.3% 6 0.4% , close to the 0% level expected for an imprinted gene that is normally unmethylated in male germ cells. DNA methylation in Mthfr þ/À spermatogonia was 4.1% 6 1.2%. DNA methylation levels at Snrpn in Mthfr þ/À spermatogonia were also not significantly different from the Mthfr þ/þ DNA methylation levels in Snrpn.
The DNA methylation levels were high (60%-100% methylation) at most of the 24 intergenic sites examined along chromosome 9 (Fig. 4B) . At these sites, no significant differences were found in DNA methylation between Mthfr þ/þ and Mthfr þ/À spermatogonia. DNA methylation at one site (50.2 Mb) could not be assessed using qAMP but was assessed using pyrosequencing (Fig. 4C) ; no significant differences in DNA methylation were found between genotypes. Thus, Mthfr haploinsufficiency did not have a major effect on DNA methylation in early germ cells shortly after the time of DNA methylation acquisition.
Mthfr Expression in the SSC Culture System
Another way to study DNA methylation in early male germ cells and to determine susceptibility to decreases in MTHFR activity and alterations in methyl donor levels was to establish 
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SSC cultures from BALB/c Mthfr þ/þ and Mthfr þ/À mice. To this end, we isolated seminiferous tubule cells expressing Thy1, an SSC marker, and initiated a long-term culture as previously described [44] . These cells form clumps or clusters of spermatogonia in culture. For the benefit of simplification, we call these cultured cells ''SSC clusters'' or ''cluster cells.'' The clusters are composed of undifferentiated spermatogonia: All cluster cells express ZBTB16 (also called Plzf), whereas 1%-3% of them are estimated to be SSCs [42, 43, 57, 58 ]. An estimated frequency of SSCs in an adult mouse testis is 0.01%-0.02% [59] . As previously demonstrated, MTHFR is detected during early germline development and may be important for acquisition of DNA methylation and maintenance of SSC clusters.
Whereas staining from embryonic and postnatal testes indicates that MTHFR likely is expressed in stem/progenitor spermatogonia, this has not been specifically examined. Mthfr gene expression in Mthfr þ/þ and Mthfr þ/À SSC clusters from BALB/c pups at passages 8-9 (early) and at passages 14-15 (late) and mitotically inactive STO feeder cells was examined at the RNA level using qRT-PCR as well as at the protein level using Western blot analysis. Mthfr was found to be expressed in Mthfr þ/þ cluster cells, and this expression was diminished significantly (P 0.004) in Mthfr þ/À clusters. Additionally, STO feeder cells also expressed Mthfr at levels similar to those in wild-type clusters (Fig. 5A) . Western blot analysis confirmed the presence of the MTHFR protein in SSC clusters and STO feeder cells (Fig. 5B) 
Effects of Culture and MTHFR Deficiency on DNA Methylation Patterns in SSC Clusters
The SSC culture system allows undifferentiated spermatogonia from Mthfr þ/þ and Mthfr þ/À mice to be cultured under different methionine concentrations and large numbers of spermatogonia to be collected for subsequent DNA methylation analysis. RLGS, an assay used to make qualitative measurements of DNA methylation changes at approximately 2500 loci across the mouse genome, was utilized to examine the stability of DNA methylation in vitro and determine if it was affected by MTHFR deficiency.
The SSC clusters were collected at passages 7-8 and again at passages 14-15 for RLGS analysis to compare DNA methylation within the same culture at these two time points, with the earlier passages used as the control. In the Mthfr þ/þ cultures, 11 spots changed in at least one of the three sets of cultures (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). All of the changes were sites that became either hyper-or hypomethylated over time in culture, although most sites became hypermethylated. Only one of the spots has a known genomic region; this site is intergenic. In the Mthfr þ/À cultures, 10 spots changed in at least one of the three sets of cultures (Supplemental Table S2 ). All changed sites became either hypo-or hypermethylated over time in culture, although the majority became hypermethylated. Three of the sites had known genomic locations: two in genes of unknown function (AK160904 and AK089842), and one intergenic site. Combining the results of all 12 cultures, a total of 14 spots changed, seven of which were consistent between the Mthfr þ/þ sets and the Mthfr þ/À sets. Considering the assay covered more than 2500 loci and the changes were so few, with 
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such slight changes in DNA methylation levels, these results suggest that DNA methylation was relatively stable over time in culture, regardless of genotype.
The DNA methylation was compared in the three Mthfr cultures of the same time point, with the Mthfr þ/þ cultures used as a control. Minimal variation was noted among the three Mthfr þ/þ cultures at passages 8-9; only three sites showed differences (Supplemental Table S3 ). More variation was found among the three Mthfr þ/À cultures at passages 8-9, where six sites changed. In cases where variation existed among the three Mthfr þ/þ controls, any spots that changed in the three Mthfr þ/À cultures that were within the variation of the controls were not included as genotype changes. A total of 10 spots were observed to have changed due to genotype, eight of which were consistent in at least two of the three Mthfr þ/À cultures. All changed sites became either hypo-or hypermethylated. Two of the sites had known genomic locations; both were in the same previously identified genes of unknown function.
Little variation was observed among the three Mthfr
cultures at passages 14-15; only three sites changed (Supplemental Table S4 ). More variation was noted among the three Mthfr þ/À cultures at passages 14-15, where six sites changed. A total of nine spots were observed to have changed due to genotype, seven of which were consistent in at least two of the three Mthfr þ/À cultures. All changed sites became either hypoor hypermethylated. Two of the sites had known genomic locations; both were in the same previously mentioned genes of unknown function.
Combining the results of all 12 cultures, a total of 12 spots changed, seven of which were consistent in the Mthfr þ/À cultures at the earlier and the later passages. All shifts in intensity were anywhere between 12.5% to 100% changes in DNA methylation, as would be expected of methylation changes that are real and not simply artefacts caused by polymorphisms in the DNA present in the Mthfr þ/À cultures. One site, however, was consistently 100% methylated in the Mthfr þ/þ cultures at both time points and 50% methylated in all Mthfr þ/À cultures at both time points, indicative of a possible polymorphism appearance at that locus. Taken together, the results suggest that DNA methylation is largely unaffected by Mthfr genotype and time in culture.
Effects of MTHFR Deficiency and Low and High Methionine Concentrations on DNA Methylation in SSC Clusters
Deficiency of MTHFR causes a reduction in methyl donor levels, so supplementation to the SSC culture system medium with a methyl donor, such as methionine, can potentially compensate for the reduction in MTHFR activity. Similarly, low methionine levels in culture conditions could potentially worsen any effects of MTHFR deficiency. A range of methionine concentrations can be found in different cell culture media, so clusters were grown in culture in either the regular serum-free MEMa medium (control) or the modified DMEM medium with the following concentrations of methionine added: 25, 50, 100, and 200 lM (equivalent to 0.25-, 0.5, 1-, and 2-fold the concentration in the MEMa medium, respectively). Although the DMEM medium used with the varying supplements of methionine had 4-fold the folic acid compared to the regular MEMa medium, it was the only commercially available medium with no methionine in it. This was not considered to be problematic, however, because folic acid is found before and methionine is found after the MTHFR block in the folate pathway. Interestingly, no cultures could be successfully established in the complete absence of methionine. Following a 12-day treatment, the cells were recovered for qAMP analysis at all 24 intergenic sites along chromosome 9 as well as the imprinted genes H19, Rasgrf1, Dlk1-Gtl2, and Snrpn.
No significant genotype effects on DNA methylation were found at any of the imprinted genes (Fig. 6A) . High levels of methylation for H19, Dlk1-Gtl2, and Rasgrf1 and low levels of DNA methylation at Snrpn confirmed that the analyses of cluster cells were not contaminated by somatic STO feeder cells [25] . In addition, no significant genotype effects on DNA methylation were found at any of the 24 intergenic sites along chromosome 9 (Fig. 6B) . This trend remained consistent regardless of whether the cell clusters were grown in MEMa medium or in medium with methionine concentrations as low 
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as 25 lM (0.25-fold normal) or as high as 200 lM (2-fold normal). Levels of DNA methylation at each site along chromosome 9 in Mthfr þ/þ cultures were fairly consistent for all the methionine treatment groups between 0.25-and 2-fold. Although no significant genotype effects were found within each treatment group (as stated above), a more apparent spread of DNA methylation levels was noted at individual sites when observing all treatment groups combined in Mthfr þ/À cultures compared to the wild-type cultures ( Fig. 7 and Supplemental  Fig. S1 ). This effect became more apparent when comparing the data from the McrBC qAMP results. When compared to the Mthfr þ/þ results, the average variance of all the DNA methylation levels from each of the treatments was significant in the McrBC results in the second Mthfr þ/À experimental group (P 0.0067) and significant for both McrBC (P 0.0063) and combined enzyme results in the third experimental group (P 0.0006). However, this effect did not occur consistently at the same sites in any of the experimental groups, nor was evidence of a methionine dose-response found, suggesting MTHFR deficiency may cause a more nonspecific, generalized effect. 
Effects of 10-and 20-Fold Methionine Concentrations on DNA Methylation in SSC Clusters
Two new methionine treatment groups were added: 1000 lM (10-fold normal) and 2000 lM (20-fold normal). These treatments were based on the methyl donor treatments empirically used for male infertility: Men treated for infertility are given oral supplements of folate equal to approximately 10-fold normal folate consumption, although some of the more extreme treatments have gone as high as 20-fold normal folate consumption [16] . The lower methionine treatment groups (25, 50 , and 200 lM) had similar levels of DNA methylation to the control treatment (100 lM; no significant difference between the 100 lM treatment and the MEMa control) (Fig. 8A) . Culturing the cluster cells in 2000 lM methionine significantly increased levels of DNA methylation across the entire chromosome 9 by approximately 10% (91.7% 6 1.5%, P 0.0286) compared to the 100 lM control (82.9% 6 2.1%) and 25 lM treatment (80.6% 6 1.3%) groups (Fig. 8) . This was not a genotype effect, because the overall increase in DNA methylation occurred in all experimental sets.
DISCUSSION
In the current study, we used a mouse model to examine the expression of MTHFR in the pre-and postnatal testis as well as in stem/progenitor spermatogonia cultures and evaluated DNA methylation in male germ cells in the setting of diminished levels of MTHFR and a wide range of concentrations of methyl donors. MTHFR was found to be expressed in germ cells at key times when DNA methylation patterns are acquired and/or maintained in prospermatogonia, spermatogonia, and early meiotic cells. For the DNA methylation studies, we took advantage of the BALB/c Mthfr þ/À mouse, because it is considered to be a good model for the human MTHFR 677C.T polymorphism [17] that has been associated with infertility in some ethnic groups [15] . DNA methylation patterns in stem/progenitor spermatogonia at important imprinted sequences and other CpG-rich and intergenic loci were unaffected by Mthfr haploinsufficiency or culture in concentrations of methionine ranging from 0.25-to 2-fold normal levels. In contrast, 20-fold normal methionine levels resulted in DNA hypermethylation in SSC clusters. Taken together, the results indicate that the methylation of DNA in early progenitor/spermatogonia male germ cells is stable and not easily perturbed by altered levels of essential factors associated with biological methylation reactions such as a key folate pathway enzyme or a range of methyl donor concentrations.
Whereas MTHFR would be expected to provide methyl groups for a number of different types of biological methylation reactions, our findings showed a clear correlation between the expression of MTHFR and the timing of DNA methylation events in male germ cells. Because the establishment of male germline DNA methylation occurs primarily in utero with the remaining sites completing DNA methylation postnatally [22, 29] , our findings correlate well with the likely high demand for methyl donors during the key period of DNA methylation acquisition in male germ cells. Because folate is initially provided through the maternal diet, these results indicate that the period of DNA methylation acquisition in early male germline development may be particularly sensitive to maternal intake of folate, especially in the presence of diminished folate pathway enzyme function.
In the adult testis, MTHFR staining in germ cells was identified predominantly in type A spermatogonia and preleptotene spermatocytes. Type A spermatogonia actively divide during spermatogenesis [30] and thus require methyl groups to maintain DNA methylation patterns established prenatally. Expression of MTHFR in preleptotene spermatocytes may be required for de novo DNA methylation that takes place during meiotic prophase [29] . Interestingly, MTHFR was also detected in Sertoli cells of the adult testis. It is possible that Sertoli cells require high levels of methyl groups for their function or that they provide methyl groups to the neighboring germ cells. Taken together, the MTHFR localization studies indicate that the enzyme is present in male germ cells at key times when DNA methylation patterns are being acquired or maintained; thus, lower levels of MTHFR in these cell types might have adverse effects on epigenetic programming.
Having found prominent expression of MTHFR in prenatal and postnatal prospermatogonia, we next examined whether early germ cell DNA methylation acquisition was affected by reduced levels of MTHFR in Mthfr þ/À mice. Using FACS to collect purified populations of spermatogonia, we assessed DNA methylation at imprinted sequences and intergenic sites known to be methylated in fetal germ cells between 15 and 18 dpc. No significant Mthfr genotype effects on the levels of DNA methylation were found at any of the sites examined. 
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Another study looking at the same intergenic sites along chromosome 9 as examined here but in Dnmt3L haploinsufficient spermatogonia showed significantly lower levels of DNA methylation in DNMT3L-deficient prospermatogonia at 16.5 dpc; however, by 6 dpp, DNA methylation levels were the same as those in wild-type spermatogonia [33] . This suggests that DNA methylation at the types of sequences we examined is well maintained despite haploinsufficiencies in enzymes involved with DNA methylation and the provision of methyl donors. However, due to the limited numbers of purified spermatogonia available, DNA methylation at a relatively small number of highly selected sites was examined here. Genome-wide approaches to assessing DNA methylation in small numbers of cells will be required to determine whether more widespread DNA methylation differences exist between uncultured spermatogonia of the Mthfr þ/þ and Mthfr þ/À mice. The SSC culture system provides an excellent model in which isolated early male germ cells can be propagated to produce large numbers of cells in culture [31] and manipulated in a controlled fashion to determine effects on DNA methylation. The establishment of SSC clusters from Mthfr þ/þ and Mthfr þ/À mice provided us with an alternate approach to study the effect of MTHFR deficiency on DNA methylation at a time shortly after the key period of acquisition. Because the folate pathway has not been examined in SSC clusters, it was first necessary to determine the level of Mthfr gene expression within the culture system. Mthfr gene expression in both cluster cells as well as STO feeder cells was confirmed at the RNA and protein levels. Decreased expression of the Mthfr gene was seen in Mthfr þ/À clusters, although this difference was less evident, although still significant, at the protein level. Folate, therefore, may be processed by both stem/progenitor spermatogonia as well as STO feeder cells to provide methyl donors for cellular processes, including DNA methylation maintenance during cellular division. As a result, SSC clusters may be sensitive to changes in the availability of the folate pathway enzymes or the nutritional supply of methyl donors and may mimic in vivo responses to similar conditions. Interestingly, MTHFR protein levels were not significantly affected in cluster cells from Mthfr þ/À mice at passages 14-15. This could be explained by compensatory effects or, possibly, the loss of cells with lower levels of MTHFR over time in culture, and it suggests caution be used in interpreting results from the late passage clusters.
Methylation of DNA in the mouse SSC clusters was examined on a genome-wide basis using RLGS. DNA methylation was stable in culture regardless of genotype. Results indicating stability of DNA methylation patterns for SSC clusters are consistent with previous results from our group [33] and fit with findings for imprinted genes in cluster cells [32] . This contrasts with findings in human embryonic stem (ES) cell cultures, where RLGS analysis detected 142 loci that were unstable due to the effects of time in culture, specific culture conditions, and differentiation into embryoid bodies [60] . DNA methylation levels also varied at imprinted genes in human induced pluripotent stem cells and human ES cells [61, 62] . Interestingly, DNA methylation patterns of SSC clusters from Mthfr þ/À mice were also stable in culture even after as many as 15 passages. That DNA methylation patterns were similar in cluster cells from mice of the two genotypes, using an assay that detects DNA methylation at numerous sites across the genome, provides further evidence that Mthfr haploinsufficiency does not have major effects on DNA methylation in early male germ cells. Consistent with results from the FACS analysis of spermatogonia, DNA methylation was not affected at intergenic and imprinted sequences in Mthfr þ/À stem/ progenitor spermatogonia.
As mentioned above, studies examining the role of folate on fertility have implicated both errors in the folate pathway, such as MTHFR defects, as well as inappropriate folate availability in the body. The role of MTHFR in human fertility is unresolved. Thus, whereas some studies have linked nonobstructive subfertility with the common human MTHFR 677C.T polymorphism [11, 13] , others have found no association [63] [64] [65] . This difference may be secondary to differences in the populations studied, including the amount of folate in the diet as well as genetic background effects. A metaanalysis recently showed a strong association between the MTHFR 677C.T polymorphism and male infertility in Asians but not in Caucasians [15] . However, the basis of this ethnic difference is not clear and could reflect genetic and dietary differences, or interactions between these two factors, between Asians and Caucasians. Our in vitro experiments gave us an opportunity to test for interactions between Mthfr genotype and altered methyl donor levels. Mthfr þ/À SSC clusters showed a significant increase in the variability of DNA methylation at varying concentrations of methionine; this genotype-specific increase in variability was seen in two out of the three culture experiments. The variability was especially evident when only the McrBC portion of the qAMP results was specifically examined. The McrBC enzyme evaluates multiple CpG pairs at each locus, therefore measuring a larger number of potential sites for DNA methylation. In each experimental group, however, variability occurred at different sites, suggesting that there could be a more generalized effect of errors in the methyl donor pathway and nutrients possibly due to effects on other epigenetic modulators, such as histone methylation.
The folate pathway provides methyl groups for many biochemical pathways in the body, only one of which is DNA methylation. Another epigenetic process that requires methyl groups is histone methylation. Numerous studies have demonstrated an inverse relationship between DNA methylation and H3K4 methylation [66] [67] [68] . Specifically, this phenomenon has been described within the DMRs of the paternally methylated imprinted genes H19, Rasgrf1, and Dlk1-Gtl2 as well as the repetitive element long interspersed nuclear element 1 (LINE1) in pre-and postmeiotic male germ cells [67] . Imprinting control regions in intergenic and intragenic regions located away from CpG islands also have overlapping H3K4 trimethylation and H3K9 trimethylation on the active and repressed alleles, respectively [69] . It is not well understood whether DNA methylation in germ cells is established in response to histone methylation or vice versa, but it is reasonable to suggest that histone methylation may also be affected in response to errors in the folate pathway or diminished folate availability. The increased variability of DNA methylation in the setting of Mthfr insufficiency may be secondary to changes in the underlying histone methylation, therefore affecting DNA methylation in a generalized manner. As techniques to examine histone methylation improve, allowing reliable studies to be performed in small numbers of cells, it would be interesting to examine the localization of specific histone methylation modifications, in comparison to DNA methylation at individual CpG sites, in isolated early male germ cells, including stem/progenitor spermatogonia from Mthfr þ/À mice. Whereas specific associations between the enzymes of the folate pathway and human male infertility continue to be debated, the folate pathway appears to be important in infertility, because low concentrations of folate in the seminal plasma were found to affect sperm DNA stability [70] . Studies of folate supplementation in fertile and subfertile human males have shown improved counts of sperm with normal morphol-ogy and motility, but this has not yet been correlated with a compensation for errors in the folate metabolic pathway resulting in improved fertility or DNA methylation [65, 71] . Here, we used the mouse SSC culture system to test effects of a large range of methionine concentrations on DNA methylation patterns in male germ cells. DNA methylation levels at intergenic sites along chromosome 9 were for the most part stable in SSC clusters over methionine levels varying from 0.25-to 10-fold normal culture concentrations. However, we did identify significant hypermethylation along chromosome 9 when 20-fold normal methionine concentrations were added to the SSC clusters. Our studies examined methylation at a small number of the roughly 20 million potentially methylated sites in the genome, suggesting that high-resolution studies should be undertaken. Such findings are potentially relevant clinically, because men with infertility are treated with high-dose folate in the range of 10-to 20-fold the recommended daily doses [16] . The potential adverse effects of such high-dose folate treatments on sperm DNA methylation patterns have never been assessed but should be, because altered methylation patterns may be passed from fathers to their offspring, possibly resulting in disease in the next generation [6, 7] .
